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Abstract 

In the present study, the membrane lipid composition of corals from a region with tidally induced upwelling was 
investigated. The coral community is subject to strong temperature oscillations yet flourishes as a result of adaptation. 
Glycerophosphocholine profiling of the dominant pocilloporid coral, Seriatopora caliendrum, was performed using a 
validated method. The coral inhabiting the upwelling region shows a definite shift in the ratio of lipid molecular species, 
covering several subclasses. Mainly, the coral possesses a higher percentage of saturated, monounsaturated and 
polyunsaturated plasmanylcholines and a lower percentage of polyunsaturated phosphatidylcholines. Higher levels of lyso- 
plasmanylcholines containing saturated or monounsaturated fatty acid chains were also revealed in coral tissue at the distal 
portion of the branch. Based on the physicochemical properties of these lipids, we proposed mechanisms for handling 
cellular membrane perturbations, such as tension, induced by thermal oscillation to determine how coral cells are able to 
spontaneously maintain their physiological functions, in both molecular and physical terms. Interestingly, the biochemical 
and biophysical properties of these lipids also have beneficial effects on the resistance, maintenance, and growth of the 
corals. The results of this study suggest that lipid metabolic adjustment is a major factor in the adaption of S. caliendrum in 
upwelling regions. 
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Introduction 

Organisms tend to have a tolerance that reflects the ambient 
conditions of their habitat; this tolerance can be due to either 
acclimation-related phenotype alterations or genotype selection 
during the adaptive process. Corals have adapted to geographic 
differences under ambient conditions through genetic shifts over 
long periods of time and have demonstrated the ability to 
acclimate at both the physiological and molecular levels [1-2]. 
However, corals are threatened by the extreme temperatures 
caused by chmate change. Therefore, the extent of coral reef 
bleaching is of great concern. Thermal shock experiments have 
provided a better understanding of the physiological responses in 
coral by demonstrating how heating and chilling cause a 
breakdown of symbiosis. These temperature extremes induce the 
expression of stress proteins, retard energy transformation in the 
photochemical process, increase oxidative stress, and inhibit the 
photosynthetic activities of the zooxanthellae, leading to the 
elimination or departure of the zooxanthellae from the coral 
tissues in a process known as bleaching [3-4] . Therefore, processes 
such as coral growth and reproduction are greatly reduced by 



small thermal variations and even cause mortal dysfunction in 
serious situations [5]. 

Biological membranes play a major role in the function of a cell 
by forming a physical barrier, regulating and mediating the trans- 
membrane movement of specific ions and substances, and 
providing a matrix for multi-component assembly in metabolic 
and signaling pathways [6] . Membrane lipids constitute the basic 
structural elements for membrane function; these lipids polymor- 
phicaUy manipulate themselves to suit multiple requirements by 
displaying complex molecular interactions and physical properties. 
The dynamic state of the lipid molecules in a membrane is 
sensitive to ambient fluctuations such as thermally induced 
alterations in membrane lipid organization. These alterations 
present a serious challenge to the maintenance of physiological 
functions in organisms [7-8]. Nonetheless, membrane lipids have 
evolved to adopt many diverse molecular structures to form 
biological membranes with physical properties appropriate to the 
ambient circumstances and to restore membrane function 
following environmental insult. Membrane lipids achieve their 
molecular diversity by varying the arrangement of the chemical 
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bonds within the structure. Indeed, alterations in lipid molecular 
structure can generate a membrane with entirely difTerent 
properties through physicochemical mechanisms that exert a 
potent effect on biological processes [6,9-11]. Thus, thermally 
induced perturbations in corals should result in alterations in the 
properties of biological membranes. Heat tolerance in corals has 
been correlated with a low ratio of polyunsaturated lipids in the 
membrane that maintain membrane integrity under heat stress. In 
contrast, a disrupted membrane composed of a high ratio of 
polyunsaturated lipids is found in heat-sensitive corals [12]. 
Similarly, coral bleaching and mortality caused by cold stress 
can also be related to the chUl-induced loss of membrane integrity 
and the physiological dysfunction of biological membranes [13]. 
Therefore, the thermal history has potentially strong effects on the 
thermal susceptibility of corals [2] . 

Alterations in the order and phase state of membrane lipids are 
regarded as immediate variations in biological membranes during 
shifts in the ambient temperature [8] . Lipid molecules change their 
volumetric shape as they undergo thermally induced conforma- 
tional order- or disorder-related changes; thus, a change in the 



thickness and area of a lipid lamella varies with the ambient 
temperature in the liquid-crystalline phase. Once a gel phase 
encounters a temperature below the main phase transition, lipid 
lamellae change drastically, resulting in lateral contraction. 
Therefore, a giant lecithin vesicle displays considerable surface 
area variance in a thermal-shift process, which implies leakage of 
the inner matter incident to the volume reduction of intracellular 
vesicles during the cooling process [14]. For vesicles of fixed 
volume and area, membrane tension increases in proportionally to 
the drop in temperature below the critical value where the 
membrane is unstressed, causing vesicle lysis at a reduction of 
~10°C [15]. Additionally, cooling-induced lipid phase separation 
leads to many interfacial regions; thus, the probability of pore 
formation with leakage should be greatly increased in the 
membrane [16]. During the warming process, the membrane 
mechanically relaxes by expanding its surface area; therefore, 
ensuing membrane distortions should be observable [14—15]. The 
current understanding is that membrane proteins should be suited 
to the membrane properties, such as tension, that are appropriate 
for initiating or optimizing membrane functions [9]. Consequen- 
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Figure 1 . Location indications of the two study regions. The location of the upwelling (Houbibu, HBH) and the control (Siashuiku, SSJ) regions 
from which the coral samples were collected. 
doi:1 0.1 371/journal.pone.01 05345.g001 



PLOS ONE I www.plosone.org 



2 



August 2014 | Volume 9 | Issue 8 | el 05345 



Coral Acclimation to Thermal Oscillation 




PC(16:0/16:0) PC(0-1 6:0/1 6:0) PC(P-16:0/16:0) 



PLOS ONE I www.plosone.org 3 August 2014 | Volume 9 | Issue 8 | e105345 



Coral Acclimation to Thermal Oscillation 



Figure 2. Structure of three glycerophosphocholine subclasses. PC(1 6:0/1 6:0), PC(0-1 6:0/1 6:0), and PC(P-1 6:0/1 6:0) are, respectively, 
indicated for 1,2-dihexadecanoyl-, 1 -hexaclecyl-2-hexadecanoyl-, and 1-(1Z-hexadecenyl)-2-hexadecanoyl- sn-glycero-3-phosphocholine. 
doi:1 0.1 371/journal.pone.01 05345.g002 



tially, the properties of biological membranes are mechanically 
altered during temperature shifts and perturbations to the cellular 
homeostasis are expected. 

Organisms that acclimatize to changes in their ambient 
conditions successfully exploit the diversity of the lipid molecular 
structure to meet the physiological requirements of specific 
circumstances. There is a metabolic cost to preserving or restoring 
membrane functions, and the inhabitants of a habitat with severe 
oscillations pay a large energy cost to maintain their physiological 
functions. However, coral communities with a high abundance of 
vital and fecund colonies flourish in tidaUy induced upwelling 
regions in Taiwan, where the seawater temperature varies sharply 
within a one-hour period [17-18]. It would be interesting, 
therefore, to determine whether the mechanism of adaptation of 
these corals can be elucidated. In this study, the membrane lipids 
in Seriatopora caliendrum, a dominant pocHloporid coral that 
inhabits areas near an upwelling region, were characterized. 
Alterations in lipid composition were related to the regulation of 
membrane functions and the physiological requirements for the 
coral to handle thermal oscillations. Selected lipid species critical 
for coral resistance, preservation, and growth are discussed further. 
The wound-healing rate was also measured to determine the 
vitality of the coral. 

Materials and Methods 

Field survey 

As shown in Figure 1, coral samples were collected from a 
tidally induced upwelling region (Houbibu [2r56'N, 120°45'E], 
HBH) and a control region (Siasliuiku [22"1 'N, 120"4rE], SSJ) in 
Renting National Park, Taiwan in 201 1 [17]. In the study jx-riod, 
3-8 adult colonies of the pociUoporid coral S. caliendrum were 
collected from both study regions at a depth of 8-10 m. The 
collected coral colonies were immediately transported to the 
laboratory of the National Museum of Marine Biology and 
Aquarium near the study locations to measure the larvae yield 
[19]. The temperature variation of the ambient seawater was 
continuously recorded e\ ery 10 min in silu using a Hobo Water 
Temperature Pro logger (Onset Computer Corp., Bourne, MA, 
USA) during the study period. Using the magnitude of temper- 
ature oscillations and the comparability of the coral reproductive 
conditions of both study regions (see Results), coral samples 
collected during July were challenged to measure their significant 
adaptive responses to a fluctuating environment. A long-term 
environmental research project was launched by the National 
Museum of Marine Biology and Aquarium to regularly monitor 
the environmental health state of the coral reefs of the Renting 
National Park. The recorded parameters of seawater quality 
provide data for further characterizing the variation in environ- 
mental conditions in the study regions [20]. The study and coral 
sampling were conducted under a permit issued by Renting 
National Park Headquarters. 

Clade identification of zooxanthellates 

Zooxanthellates DNA was extracted from the coral fragments, 
and the clades were successively identified according to the 
internal transcribed spacer rDNA sequence [21]. After the pre- 
treatment procedure, selected clones were sequenced and the 
obtained sequences were searched for and ahgned in the NCBI 
GenBank Database with BLAST (http:/ /www.ncbi.nlm.nih.gov/). 



High similarity between the cloned serjuences of the zooxanthel- 
lates was found in the corals from the two study regions; these 
results (accession: RC684906 and RC684907) indicated that the 
zooxanthellates belong to clade C. 

Coral wound-healing experiment 

Coral branches of equal size (~2.5 g) were severed from the 
colonies derived from HBH and SSJ to concomitandy make a 
wound area of approximately 4 mm in diameter. Each coral 

branch was incubated in a 7-ld flow-through aquarium with 
shaded ambient light (<600 |a.E s ' m ^). The temperature was 
maintained at 27±0.5°C by a thermal regulation circulatory 
system. The wound status was photographed during the experi- 
ment to compare the healing rate between the corals derived from 
each study region. 

Lipids analysis 

After collection, a branch was obtained from each sample 
colony. The tip (0-0.5 cm from the branch end) and stalk (1-2 cm 
from the branch end) were collected, immediately frozen in liquid 
nitrogen and stored at — 80°C. For pre-treatment and lipid 
extraction, the frozen coral fractions were ground in a liquid 
nitrogen— cooled mortar and then lyophilized overnight. The 
homogenous dry tissue was weighed and then extracted with a 
chloroform/methanol (2/1) solution. The mixture was then mixed 
thoroughly with a 0.15 M NaCl aqueous solution and the 
complete lower layer was collected for further analysis [22]. The 
coral storage lipids, triacylglycerol and wax ester, were analyzed 
using a method of high— performance thin— layer chromatography 
[23]. A validated method of reverse-phase high-performance 
liquid chromatography-electrospray ionization-triple quadrupole 
mass spectrometry was adopted for profiling the glyceropho- 
sphocholine (GPC) molecular species of the lipid extracts [22]. 
Briefly, the preliminary profiling of GPC was performed using a 
tandem mass spectrometry experiment, adopting a precursor ion 
scan of m/z 184 in the positive ion mode. Based on this 
phosphorylcholine-containing lipid profile, the product ion 
spectrum of each GPC species in the profile was acquired at their 
respective elution times. The molecular structure of the GPC in 
the sample was then determined by illustrating the product ion 
spectra of the [M+H]'^, [M+Na]^ and [M+Ac] ions. 

Data analysis 

The acquired GPC profile data were processed using the 
instrument software (Analyst 1.4; Appfied Biosystems Instrument 
Co., USA) on the mass spectrometer. For peak detection, each 
molecular mass ion signal was manually determined from a total 
ion chromatogram of pooled coral samples during a time window 
of 0.2 min per step to extract the ion chromatogram. The 
extracted peak was recorded as m/z and retention time. After 
removing duphcated peak records, the remaining peaks were 
checked again to remove latent isotope peaks. A quantitation 
method was built using the final peak list to quantitate a batch of 
samples according to the Analyst 1 .4 regulation procedure. Once a 
"Results Table" was obtained, all of the peaks in the batch of data 
were manually reviewed to confirm the accuracy of the peak 
alignment and peak area integration. The peak list, including the 
peak area of the extracted ion chromatogram, was finally exported 
as a Microsoft Excel file for further analysis. 
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Figure 3. Temperature variation of seawater in the two study regions. Record of seawater temperature measured every 10 min in the 
upwelling (Houbibu, HBH) and control (Siashuiku, SSJ) regions inhabited by the corals from January-December 201 1 (A). Subset of the temperature 
record between July 1 and July 14 (B) shows the temperature fluctuation in HBH. 
doi:1 0.1 371/journal.pone.01 05345.g003 



After data processing, each detected signal was normalized to 
the total signal response in the GPC molecular species profile. 
Principal components analysis (PCA) using the SPSS 16.0 
statistical software package (SPSS Inc., Chicago, Illinois, USA) 
was performed to determine whether metabolic differences 
between the GPC profiles in the corals could be distinguished. 
This pattern recognition method condensed the original set of 
variables to fewer variables based on their weighted averages; the 
new variables were termed scores and the weighted profiles were 
termed loadings. Each GPC profile was represented as a data 
point in the score plot and each point that was clustered together 
had a similar profile. The loading plot revealed information about 
the GPC molecular species that contributed to the data point 
separation in the score plot. A one-way analysis of variance 
(ANOVA) was used to further assess significant differences (p< 
0.05) of the sifted GPC molecular species in the loading plot. 



Lipid nomenclature 

Glycerophosphocholines are composed of a glycerol backbone 
with a phosphorylcholine head group at the iW-3 position and a 
fatty acid substituent at the sn-l andsn-2 positions. The fatt)' acid 
substituent can be linked through an ester at both positions, and 
long-chain alkyl ether or vinyl ether linkages are also adopted at 
the sn-l position. Because of the difference in linkages at the sn-l 
position, the GPCs are fiirther divided into the phosphatidylcho- 
line (1,2— diacyl— GPC), plasmanylchoUne (1— O— alkyl-2-acyl- 
GPC), and plasmenylcholine (l-0-alk-l'-enyl-2-acyl-GPC) 
subclasses. The designations and abbreviations of the GPC 
molecular species are based on the recommendations of the Lipid 
Metabolites and Pathways Strategy (LIPID MAPS). For example, 
1,2-dihexadecanoyl-, l-hexadecyl-2-hexadecanoyl-, and 1-(1Z- 
hexadecenyl)-2-hexadecanoyl- sn-glycero-3-phosphocholine 
were respectively abbreviated as PC(16:0/16:0), PC(O-16:0/ 
16:0), and PC(P-16:0/16:0); molecular structures for these lipid 
are shown in Figure 2. The notation x:y for a fatty acid chain 
indicates the number of carbon atoms (x) and double bonds (y). In 
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Figure 4. Seasonality of coral reproduction. Temporal variation of the larval yield of the coral colonies (n = 
collected from the upwelling (Houbibu, HBH) and control (Siashuiku, SSJ) regions during Mar. 2011-Jan. 2012. 
doi:1 0.1 371/journal.pone.01 05345.g004 
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Figure 5. Visualization of tlie lipid profile differences in the corals. The score plot of principal component analysis, which showed 
distinguishable glycerophosphocholine profiles between the corals {Seriatopora caliendrum) inhabiting the upwelling (Houbibu, HBH) and control 
(Siashuiku, SSJ) regions in the tip (A) and stalk (B) portions of the tissue. 
doi:l 0.1 371/journal.pone.01 05345.g005 



addition, symbols marked with 'O' or 'P' indicate a fatty acid- 
chain linkage with the glycerol backbone via the alkyl ether or 
vinyl ether, respectively, typically at the sn~l position. In contrast, 
no marks indicate an ester hnkage. In cases where both fatty acid 
chains cannot be assigned, the sum of their carbon atom and 
double bond numbers can be derived from deductive inference of 
the molecule once the lipid subclass was identified. These lipids 
were correspondingly abbreviated as PC(32:0), PC(O-32:0), and 
PC(P-32:0). The GPC molecular species that possessed a hydroxyl 
substituent at either the sn-\ or sn-2 position of the glycerol 
backbone were named lyso-GPC (LPC) (e.g., l-h(^xadc( ;ui()yl-2- 
hydroxyl-5n-glycero-3-phosphocholines could be abbreviated as 
PC(16:0/0:0)). 

Results 

Temporal variations in seawater conditions 

The annual seawater temperature (Figure 3A) ranged from 
lower than 21°C to higher than 31°C. A sudden periodic drop in 
the temperature of the surface seawater was recorded in the coral 
reef located in HBH (the upwelling region). During the warm 
season, the temperature oscillated by as much as 6°C per day. The 
detailed oscillation in daily temperatures is shown in Figure 3B (a 
subset of the temperature record from between July 1 and July 14, 
2011). Litde daily oscillation of the seawater temperature was 
observed in SSJ (the control region). 

The temporal variation in salinity, pH, turbidity, chlorophyll a 
content, five-day biochemical oxygen demand and nutrient 
content (NH^-N, NOj'-N, NO^'-N, PO^'^'-P and SiOa-Si) 
in the ambient seawater of the coral habitats during the period of 
the present study are shown in Figure S 1 . As the long-term results 
show [20], the chlorophyll a and NOs"— N content in the seawater 
clearly differ between the two regions, with frequendy higher 
values observed at HBH compared with SSJ. Notwithstanding, 
higher salinity with lower pH is generally also a feature of 
upwelling seawater, but these values varied to a similar extent in 
the two regions during the study. This obser\'ation can be 
explained by detailed characterization showing that such signals of 
upwelling seawater tend to be minimized near the coast [24]. 

Seasonality in coral reproduction 

The yield of planula released from the coral colonies per month 
is presented in Figure 4. The coral reproduction shows marked 
seasonality, with higher larval yield during the summer and fall. 
Nevertheless, the timing of the peak yield for the HBH corals is 
later than that of the SSJ corals; a comparable larval yield was 
obtained during a partially overlapping period in July. The 
seawater temperature is considered to be a major factor in 
determining seasonal and spatial variations in coral reproduction 
[25]. A low seawater temperature may retard coral reproduction 
by increasing the planula development time. Tidal-induced 
upwelling brings cooler seawater from the subsurface layer to 
the surface, which may explain the reproductive delay observed in 
the HBH coral specimens. 

Storage lipid content 

Similar levels of wax ester content in the corals (n = 3) inhabiting 
die HBH (1.48±0.01 ng/^g protein) and SSJ (1.43±0.11 ng/ng 
protein) regions were revealed (ANOVA, ^>0.05). However, the 



triacylglycerol content in the corals from HBH (1.52±0.08 |J.g/|J,g 
protein) was approximately two-fold higher than that from SSJ 
(0.72±0.13 ng/ng protein; ANOVA, /)<0.01). 

Glycerophosphocholine profile 

The profile of phosphorylcholine-containing lipids (see Table 
SI) was characterized through a three-replicate chemical mea- 
surement for each coral sample, and the difference in the lipid 
profiles between the corals was visualized as a PGA score plot. As 
shown in Figure 5, the swarms of data points belonging to the 
different groups are clearly divided, with the difference in the lipid 
profiles clearly distinguishing between the corals inhabiting the 
HBH and SSJ regions. Both the first and second principal 
components contributed to the group separation in Figure 5A, 
which described a variation of 31.3% and 14.9%, respectively, in 
the dataset derived from the tip position of the coral tissues. With 
regard to the stalk position, as shown in Figure 5B, the first 
principal component described a variation of 26.7% in the dataset 
contributing to the group separation. Each correlation loading plot 
revealing important GPC species is shown in Figure S2 and S3, 
respectively. 

More than 150 GPC molecular species were identified in the 
lipid profile of the corals (see Table SI). As shown in Figure 6, the 
coral from HBH had a significantly higher proportion of 
plasmanylcholines (ANOVA, /><(). 05) that are saturated (29.7- 
95.9% higher) or included a low (1-2 double bonds, 14.1-118% 
higher) or high (4-6 double bonds, 14.2-85.7% higher) degree of 
unsaturated fatty acid chains. Nevertheless, the proportion of 
polyunsaturated phosphatidylcholines in the coral derived from 
HBH was 7.9-57.8% less than tiiat derived from SSJ (ANOVA, 
p<0.(}5). Some plasmanylcholine species possessing 20-carbon 
chains with 3 or 4 double bonds were also found in a lower 
proportion (21.8-28.9% lower; ANOVA, /;<0.05) in the coral 
from HBH. Additionally, the coral from HBH contained a higher 
proportion of lyso-plasmanylcholines (36.1-116% higher; AN- 
OVA, ^<0.05) in the tip position tissue. Although some lyso- 
plasmanylcholines in the stalk position of the corals showed a 
notable weight in the PCA grouping (see Figure S3), the difference 
was not significant according to the ANOVA analysis (p>0.05). 

Coral wound healing 

A three-replicate experiment was performed to compare the 
wound-healing rate of the corals derived from each study region. 
As shown in Figure 7 A and B, a wound approximately 4 mm in 
diameter was created when the coral branches were collected from 
the colony. In the coral regeneration process, the expansion of 
tissue from the boundaries of the wound is correlated with time. 
The time required by the coral tissue for full recovery of the 
wound area was recorded for estimating the wound-healing rate. 
As shown in Figure 7 D, healing was defined as the point when a 
thin coenosarc covered the wound in the coral branch and polyps 
were initially developing. Based on this definition, the coral 
derived from HBH (6.0±1.0 days) exhibited a considerably faster 
wound-healing rate than that of the coral derived from SSJ 
(15.7±0.6 days; ANOVA, ^<0.001). Images of die coral wound 
status revealed a sharp contrast in the healing between the corals 
from the two regions. As shown in Figure 7 C, 15 days after the 
challenge, the wounded site of the coral branch derived from HBH 
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Figure 6. Selected lipid species relative to the regulation of thermal-oscillatory acclimation by the coral. The difference in 
glycerophosphocholine proportions (ANOVA, p<0.05) in the coral Seriatopora caliendrum sampled from the upwelling region (Houbibu) compared 
with the coral specimens from the control (Siashuiku) region in the tip (A) and stalk (B) portions of the tissue. 
doi:10.1371/journal.pone.0105345.g006 



developed packed polyps and an expanded skeleton that formed a 
completely new growing point. 

Discussion 

The coral community near HBH experiences cyclical temper- 
ature variations of up to 6°C with a shifting rate of approximately 



3-9°C/h as a distinguishing environmental feature. The HBH 
coral must manage unfavorable effects arising from the cooling- 
induced phase separation in the membrane, such as membrane 
thickness mismatch at the phase boundary and lateral contrac- 
tion-induced tautness [26-27]. The higher proportion of plasma- 
nylcholines and lyso-plasmanylcholines in the HBH coral can be 
correlated with the regulation induced by temperature oscillation. 




Figure 7. Difference in wound-healing rates in the corals inhabiting the two study regions. Wound images in the coral fragments from 
the Seriatopora caliendrum specimens sampled from Houbibu (A, C) and Siashuiku (B, D) on day 1 (A, B) and day 15 (C, D) of the healing experiment. 
doi:1 0.1 371/journal.pone.01 05345.g007 
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Although a decrease in the amount of phosphatidylcholines with 
polyunsaturated chains containing fewer than five double bonds is 
expected, an increase in polyunsaturated plasmanylcholines with 
more unsaturated and/ or prolonged chains was observed because 
such chains have an intrinsic propensity toward a high degree of 
conformational flexibility for structural packing to simultaneously 
regulate the surface area and thickness of the membranes [28] . 
Through their conformational flexibility, polyunsaturated chains 
endow the membrane with a greater capacity to match the phase 
boundary between the lipid domains and thus counterbalance the 
membrane tension that accompanies thermal shifts. Moreover, 
based on geometrical packing LPC can result in a spontaneous 
tendency toward a monolayer with positive curvature, thus 
smoothing and stabilizing the phase boundary to avoid further 
hydrophobic region exposure [26,29]. An increase in the number 
of plasmanylcholines with a low degree of unsaturated chains can 
enhance the mechanical strength and stability of the membrane to 
resist tension— induced leakage [30-32]. It remains to be confirmed 
whether the self-assembly of plasmanylcholines from a bUayer 
structure into a fuUy interdigitated arrangement is compatible 
within a living cellular membrane and can thereby counterbalance 
the thermal shift-induced tension perturbation [33]. 

During cooling, polyunsaturated lipids should be concentrated 
in the requisite regions of the membrane, which dramatically 
enhances the permeability [31,34-35]. Replacing the carbonyl 
group with methylene aUows plasmanylcholines to provide the 
membrane with an enhanced barrier against ion and water 
permeation [36-37]. This replacement also augments the double 
bond-induced shift in lateral membrane pressure [38]. Thus, 
corals may offset the cooling-induced opposite shift in lateral 
pressure but avoid excess membrane fluidity by raising the 
unsaturated levels when the ambient temperature shifts back to the 
normal surface water level [39] . Accordingly, the resistance of the 
HBH corals may be elevated from the thermally induced increase 
in oxidative stress and intracellular calcium perturbations [4] ; as a 
result, the corals appear to be less sensitive to temperature 
variations and are largely unaflected in terms of physiological 
responses across a broad range of thermal treatments [40-41]. 

Calcification in scleractinian corals requires the transport of 
many materials, including calcium, inorganic carbon, proton, and 
an "organic matrix" [42]. Lyso-GPCs have been reported to be 
good activators of calcium-ATPasc' and L-t\pc' ion channels 
through their direct actions altering membrane characteristics to 
stimulate calcium ion flux activity [43-44]. Due to their inverted 
cone molecular shape, LPCs have been regarded as important 
elements in membrane vesiculation and fusion and are, therefore, 
able to facilitate vesicle-mediated transportation in the secretion of 
"organic matrix" [45-46]. Coral growth involves both ceU growth 
and skeleton formation, and plasmanylcholine levels have been 
reported to positively correlate with accelerated cell growth and 
the level of cellular differentiation [47^8]. Furthermore, the 
depletion of polyunsaturated lipids accompanied by the promotion 
of monounsaturated lipids and LPC production resulted in 
accelerated cell growth [49] in the HBH coral specimens 
compared to the SSJ specimens. This result was clearly revealed 
by the rapid repair of injury by the HBH coral (Figure 7). In the 
upweUing region, therefore, the prospering coral community was 
correlated with an increase in the beneficial lipid mixtures. 

References 

1. Hoegh-Guldberg O (1999) Climate change, coral bleaching and the future of 
the world's coral reefs. Mar Freshw Res 50: 839-866. 



favoring calcification and ceU growth. In addition, a sufiicient 
reserve of triacylglycerol can be, or can result from, an adaptive 
regulation in the HBH corals to address the recurrent variation in 
ambient temperature. For instance, the alteration in the compo- 
sition of the membrane lipids in the HBH corals allows more 
efficient ceU maintenance and functioning and reduces energy 
costs. Thus, these corals can maintain a greater reserve of 
triacylglycerol for faster growth and better reproduction [18]. 

In summary, the alteration in lipid composition was related to 
the maintenance of membrane functions and to the physiological 
requirements for the corals inhabiting the upweUing region to 
handle thermal osciUation-induced cellular membrane perturba- 
tions. As a possible mechanism for environmental acclimation, the 
ceUular membrane's accommodation of strong cyclical tempera- 
ture variations is described in both molecular and physical terms. 
Additionally, the corals have acclimatized to the thermal 
oscillation and achieved competitiveness, now thriving in the 
upweUing region. This result provides a new way of thinking about 
coral community development that can be related to the 
improvement of cellular fitness through the acclimation regulation 
of membrane lipid metabolism. However, further studies are 
required to incorporate more complete profiling of lipid classes or 
measurements of membrane bulk properties to gain insight into 
the mechanism by which the cellular membrane accommodates 
thermal oscillations. 

Supporting Information 

Figure SI The temporal variation of seawater quality. 

(DOC) 

Figure S2 The correlation loading plots of latent 
variables 1 and 2, generated from the PGA model, which 
show lipid variations in the tip position of the corals 
(Seriatopora caliendrum) contributing to the data point 
separation in the score plot. 
(DOC) 

Figure S3 The correlation loading plot of latent variable 
1 generated from the PGA model, which shows lipid 
variations in the stalk position of the corals {Seriatopora 
caliendrum) contributing to the data point separation in 
the score plot. 
(DOC) 

Table SI The percentage of glycerophosphocholine 
species detected in the coral {Seriatopora caliendrum). 

(XLS) 

Acknowledgments 

We thank H.C. Ho for assistance in photographing the coral, which had 
previously been imaged in the National Museum of Marine Biology and 
Aquariiun, Taiwan. 

Autlior Contributions 

Conceived and designed the experiments: CHT WHW. Performed the 
experiments: CHT LHW TYF SHL. Analyzed the data: CHT. 
Contributed reagents/materials/analysis tools: CHT WHW GYL. Con- 
tributed to the writing of the manuscript: CHT LSF WHW CYL. 



2. Castillo KD, Helmuth EST (2005) Influence of thermal history on the response 
of Montastraea annularis to short-term temperature exposure. Mar Biol 148: 
261-270. 



PLOS ONE I www.plosone.org 



11 



August 2014 I Volume 9 | Issue 8 | e105345 



Coral Acclimation to Thermal Oscillation 



3. Baker AC, Glvnn PVV, Ricgl B (2008) Climatr changr and corai reef bleaching: 
An ecological assessment of long— term impacts, recovery trends and future 
outlook. Estuar Coast Shelf Sci 80: 435-471. 

4. Fang LS, Huang SP, Lin KL (1997) High temperature induces the synthesis of 
heat-shock proteins and the elevation of intracellular calcium in the coral 
Acropora grandis. Coral Reefs 16: 127—131. 

5. Roth MS, Gocrickc R, Dchcyn DD (2012) Cold induces acute stress but heat is 
ultimately more deleterious for the reef— building coral Acropora yongei. Sci Rep 
2, 240; DOl:10.103S/srep00240 

6. van Alcer G, Voclker DR, Feigcnson (}W (2008) Membrane lipids: where they 
are and how they behave. Nat Rev Mol Cell Biol 9: 112-124. 

7. Frolov VA, Shnyrova AV, Zimmerberg J (2011) Lipid polymorphisms and 
membrane shape. Cold Spring Harb Perspect Biol 3: a004747. 

8. Haze! JR. Williams EE (1990) The role of alterations in membrane Hpid 
composition in enabling physiological adaptation of organisms to their physical 
em'ironmcnt. Prog Lipid Res 29: 167-227. 

9. Lee ACi (2004) How lipids affect the activities of integral membrane proteins. 
Biochim Biophys Acta 1666: 62-87. 

10. Milkcvitch M, Shim H, Pilatus U, Pickup S, Wehrle JP, et al. (2005) Increases in 
NMR-visible lipid and glycerophosphocholine during phenylbutyrate— induced 
apoptosis in human prostate cancer cells. Biochim Biophys Acta 1734: 1-12. 

11. Vigh L, Escriba PV, Sonnleitner A, Sonnleitner M, Piotto S, et al. (2005) The 
significance of lipid composition for membrane activity: New concepts and ways 
of assessing function. Prog Lipid Res 44: 303—344. 

12. Tchernov b, Gorbunov MY, Vargas CD, Yadav SN, Milligan AJ, et al. (2004) 
Membrane lipids of symbiotic algae are diagnostic of sensitivity to thermal 
bleaching in corals. Proc Natl Acad Sci USA 101: 13531-13535. 

13. Saltveit ME (2000) Discovery of chilling injury. In Discoveries in Plant Biology 
(Ed. Kung, S.D. and Yang, S.F.), World Scientific PubUshing, pp. 423^48. 
Singapore: World Scientific Publishing. 

14. BagatoUi LA, Gratton E (1999) Two-photon fluorescence microscopy observa- 
tion of shape changes at the phase transition in phospholipid giant unilamellar 
vesicles. BiophysJ 77: 2090-2101. 

15. Kwok R, E\'ans E (1981) I'hermoelasticitv of large lecithin bilayer vesicles. 
Biophys J 35: 637-652. 

16. BagatoUi LA, Gratton E (2000) A correlation between lipid domain shape and 
binary phospholipid mixture composition in free standing bilayers: A two- 
photon fluorescence microscopy study. BiophysJ 79: 434-447. 

17. Lee HJ, Chao SY, Fan KL, Kuo TY (1999) Tide-induced eddies and upwelling 
in a semi-enclosed basin: Nan Wan. Estuar Coast Shelf Sci 49: 775-787. 

18. Soong K, Chen M, Chen C, Dai C, Fan T, et al. (2003) Spatial and temporal 
variation of coral recruitment in Taiwan. Coral Reefs 22: 224—228. 

19. Fan TY, Lin KH, Kuo F\V, Soong K, Liu LL, et al. (2006) Did patterns of lar\'al 
release bv five brooding scleractinian corals. Mar Ecol Prog Scr 321: 133-142. 

20. Liu PJ, Meng PJ, Liu LL, WangJT, Leu MY (2012) Impacts of human activities 
on coral reef ecosystems of southern Taiwan: A long— term study. Mar Pollut Bull 
64: 1129-1135. 

21. Chen CS, Yeh SP, Wang LH, Li HH, Chen-Uang WN (2012) Increased 
susceptibility of algal symbionts to photo-inhibition resulting from the 
perturbation of coral gastrodcrmal membrane trafficking. Sci China Life Sci 
55: 599-611. 

22. Tang CH, Tsao PN, Lin CY, Fang LS, Lee SH, et al. (20 1 2) PhosphorylchoUne- 
containing lipid molecular species profiling in biological tissue using a fast 
HPLC/Q_qQ.-MS method. Anal Bioanal Chem 404: 2949-2961. 

23. Luo YJ, Wang LH, Chen WNU, Peng SE, Tzen JTC, et al. (2009) Ratiometric 
imaging of gastrodcrmal lipid bodies in coral-dinoflageUate endosymbiosis. 
Coral Reefs 28: 289-301. 

24. Chen CTA, Wang BJ, Hsing LY (2004) UpweUing and degree of nutrient 
consumption in Nanwan Bay, southern Taiwan. J Mar Sci Technol 12: 442— 
447. 

25. Tanner JE (1996) Seasonality" and lunar periodicity in the reproduction of 
Pocillorid corals. Coral Reefs 15: 59—66. 

26. Kuzmin PI, Akimov SA, Chizmadzhev YA, Zimmerberg J, Cohen FS (2005) 
Line tension and interaction energies of membrane rafts calculated from Hpid 
splay and tilt. BiophysJ 88: 1120-1133. 



27. Gandhavadi M, Allcnde D, Vidal A, Simon SA, Mcintosh TJ (2002) Structure, 
composition, and peptide binding properties of detergent soluble bilayers and 
detergent resistant rafts. BiophysJ 82: 1469-1482. 

28. Feller SE, Gawrisch K Jr, Mackerell AD (2002) Polyunsaturated fatty acids in 
lipid bilayers: intrinsic and environmental contributions to their unique physicEd 
properties. J Am Chem Soc 124: 318-326. 

29. Lundback JA, Andersen OS (1994) Lysophospholipids modulate channel 
function by altering the mechanical properties of lipid bilayers. J Gen Physiol 
104: 645-673. 

30. Shoemaker SD, Vanderlick TK (2002) Stress-induced leakage from phospho- 
lipid vesicles: effect of membrane composition. Ind Eng Chem Res 41: 324-329. 

31. Olbrich K, Rawicz W, Necdham D. E\'ans E (2000) Water permeability and 
mechanical strength of polyunsaturated lipid bilayers. Biophvs J 79: 321—327. 

32. Evans E, Heinrich V, Ludwig F, Rawiczy W (2003) Dynamic tension 
spectroscopy and strength of biomembranes. BiophysJ 85: 2342-2350. 

33. Matsuki H, Miyazaki E, Sakano F, Tamai N, Kaneshina S (2007) Thermotropic 
and barotropic phase transitions in bilayer membranes of ether— Unked 
phospholipids with varying alkyl chain lengths. Biochim Biophys Acta 1768: 
479-489. 

34. Ollila S, Hyvonen MT, Vattulainen I (2007) Polyunsaturation in lipid 
membranes: dynamic properties and lateral pressure profiles. J Phys Chem B 

111: 3139-3150. 

35. Zcng Y, Han X, Gross R\V (1998) Phospholipid subclass specific alterations in 
the passive ion permeability of membrane bilayers: separation of cnthalpic and 
entropic contriliiilions to lransliila\rr ion flux. Biochemislry 37: 2346-2355. 

36. Chen X, Gross RVV (1994) Phospholipid subclass-specitic alterations in the 
kinetics of ion transport across biologic membranes. Biochemistry 33: 13769- 
13774. 

37. Pandey PR, Roy S (201 1) Headgroup Mediated water insertion into the DPPC 
bilayer: A molecular dynamics study. J Phys Chem B 1 15: 3155-3163. 

38. Cantor RS (1999) Lipid composition and the lateral pressure profile in bilavcrs. 
BiophysJ 76: 2625-2639. 

39. Guschina lA, Harwood JL (2006) Mechanisms of temperature adaptation in 
poikilotherms. FEBS Letters 580: 5477-5483. 

40. Mayfield AB, Wang LH, I'ang PC, Fan TY, Hsiao YY, ct al. (2011) Assessing 
the impacts of experimentally elevated temperature on the biological 
composition and molecular chaperone gene expression of a reef coral. PLoS 
ONE 6(10): e26529. doi:10.1371/journal.pone.0026529 

41. Putnam HM, Edmunds PJ, Fan TY (2010) Effect of a fluctuating thermal regime 
on adult and larval reef corals. Invertebr Biol 129: 199-209. 

42. Tambutte S, Holcomb M, Ferrier-Pages C, Reynaud S, Tambutte E, et al. 
(2011) Coral biomineralization: From the gene to the environment. J Exp Mar 
Biol Ecol 408: 58-78. 

43. Kraichely RE, Strege PR, Sarr MG, Kendrick ML, Farrugia G (2009) 
Lysophosphatidyl choline modulates mechanosensitive L-typc Ca^^ current in 
circular smooth muscle cells from human jejunum. Am J Physiol Gastrointest 
Li\-er Physiol 296: G833-G839. 

44. Grosman N (2001) Similar effects of ether phospholipids, PAF and lyso— PAF on 
the Ca^''"-ATPase activity of rat brane synaptosomes and leukocyte membranes. 
Int Immunopharmacol 1: 1321—1329. 

45. Clode PL, MEirshall AT (2002) Low temperature X-ray microanalysis of calcium 
in a scleractinian coral: evidence of active transport mechanisms. J Exp Biol 205: 
3543-3552. 

46. Fuller N, Rand RP (2001) The influence of lysolipids on the spontaneous 

curvature and bending elasticity of phospholipid membranes. BiophysJ 81: 243— 
254. 

47. Albert DH, Anderson CE (1977) Ether— linked glycerolipids in human-brain 
tumors. Lipids 12: 188-192. 

48. Chabot MC, Greene DG, Brockschmidt JK, Capizzi RL, Wykle RL (1990) 
Ether-linked phosphoglyceride content of human leukemia ceUs. Cancer Res 50: 
7174-7178. 

49. Yamashiro H, Oku H, Onaga K, Iwasaki H, Takara K (2001) Coral tumors 
store reduced level of lipids. J Exp Mar Biol Ecol 265: 171-179. 



PLOS ONE I www.plosone.org 



12 



August 2014 I Volume 9 | Issue 8 | e105345 



